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EVOLUTION OF THE 3-mlb MERCUHY ION THRUSTER SUBSYSTEM 


by W. R. Kcrsluko and B. A. Banks 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 11135 

ABSTRACT 

A general description and review of the auxiliary Electric I’ropuiHjon program, 
which led to the present l-mlb (1.5 mN) thruster system, is presented. The devel- 
opmental history, performance, :md major lifetests of each com|)oneiit of Uie system 
arc traced over the past 10 years. Major components iiuludc the S-cm (iiametcr 
ion thruster, the (x>wer processor, and the propelhuit resenoir :ind distribution 
system. 


INTRomCTlON 


The purjx)se of this paper is to ilcfinc the present l-mlb mercury ion thruster 
subsystem and key technolog>- milestones in its ilcvelopincnt. In 1977, the fnbricri- 
tion of the first Engineering Model tiubsystem :uul Uu' first six Engineering Model 
(EM) 8-cm ion thruster was completeii. Testijig of the thrusters ;uul subsystem 
beg:m in the summer of 1977 ami is conthiuing at the time of this writing (Jan. 1978). 
'Hie results of Uiese tests have been prescntcii by otliers (refs. 1 to 3). 

The l-mlb thruster subsystem consists of :ui 8-cm iliamctcr ion tlmistcr 
moiuited on 2- axis gimbals, a mercury propclhuit tank, a (xnver electronics luiit 
(PEU), a controller/ digital interface luiit (IK'IU). :unl necessary clectrii’al harnesses 
plus propclhuit tanlvage and feed lines. This tlmistcr subsystem is described in 
detail by reference 1. Basic elements of the 8-cm iliamctcr thrustci- have designs 
that were firmly established based on results of testing conducted in 197(5 or earlier 
(refs. 5 to 19). Phuis for an approved l‘.t8I Bight test of a mercury ion auxiliary 
propulsion system, which contains two l-mlb thruster subsystems, are discussed 
in references 20 to 22. 

This paper will discuss the historical evolution ;uul characteristics of each 
major com|xment and element that comprise the l-mlb thruster subsystem. Defin- 
itions of terms used are listed in the ap(x'ndix following the Concluding Remarks. 


8tar (.'ategorv 20 



nnUlSTEH Sl’BSYSTEM FUNCTION AND DKSCIUPTION 


Tho l-mlb tlmi8t mibiiystom was liovolojH'ii primarily to ptwiilo for norlh- 
Houth 8(alionkiH'pln^[ of (((Hiaynohn^nous aatollitoH wiUi maaaoa botwoon 500 tuid 
2000 kn. riu' aubayatom c:m alao pix»vldo for attitiuio ooalrol, oaat-woat station 
koi'ping, ami station ohanRo in aiUUtion to Uu' n-a atationkooping; function. Hu' 
a^MH'itlo iioaiK[n ia dlrootoii towani miaaion durations of alnmt aovon yoara. Paw 
vision for othor longtl^ missii»na ia avallablo nu'roly by variation of pi'opollant 
U>aiilnK; aml/or tanka^v wiUi no change rtxiuired in any other aubayatem eom- 
(Hment. Normally, an auxiliary pixt|mlaion system eonaiating of a minimum of 

mercury hm thruster subayatems ia rinpiireti on aatellit^a of present In- 
lereat. 

A tunctional lUagram of the Umlb thruster subsystem is shown in fig\iri' I 
ami a photograph of tl»e first Engineering Model Hiruster Subsystem is shown in 
figure 2. Hie major com|x>nents of the thruster subsystem are given in table 1 
ah»ng with the general fiuietion of each. A description of the salient eharaeteristie 
tuui status of each eomixment will be presented separately below. 

A. 8-em thruster/ gimbal'beam shiehi 

1. Description 

•\n Engineering Moik'l S-em thruster/glmbal/beam shield is shown in figure 5 
aiui aTutjiwa>' showing the erttleal thruster elements is presenteil in figure I. 
llu' major eharaeteristtes of the thruster are given In table ll. Phe thruster con- 
sists of several critical elements: the iliseharge chamber, the two catlunli'- 
isolati'r subassemblies, the accelerator grills, :uui the beam shield. These 
elements are integrated bv the sup|K>rt structure and aurroimdeii, except for tlu* 
di'wnstream end. by the ground shii'ld. .\ detailed description of the involution of 
these eomjxmenta and detailed descriptions of function, riHpiirements, and status 
IS given later. 

2. Summary Status 

The thruster has been develojunl to the Engineering Model level. The docu- 
mentation is presently sufficient to allow thruster replication by part number by 
the pivsent venik>r. At present, six KngliuH'rlng Model Thrusters (KM T'sf have 
been fabricated and two have successfully demonstrated all functions in a tliruster 
subsystem level test. The other four await testing in various aspects ol tlie 
Ittsi liiglii and auNiliary propulsion technolog>‘ pivgrams irefs, 2. 20 to 22>. The 
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structural design has been verified by launch level vibration testing of a thruster 
structurally identical to the EMT. 

Nearly all aspects of the EMT design have been successfully verified in one 
or more long duration functional tests on the thruster component and/or element 
level. Of particular significance was a successful 15 000 hour 460 cycle test of 
a pre-EMT design. This test, while completely successful, did point out several 
areas of design weakness. These areas were addressed and solutions incorporated 
on the present 8- cm EMT design. In addition, an accelerated 5000 cycle (the nun^ 
ber of cycles appropriate for 14 years of north- south stationkeeping) test has been 
completed and two cathode- vaporizer- isolator tests are successfully in progress 
at 8000 cycles. Most of the critical technology elements of the 8-cm EMT have 
been verified on the ground and in space over the many years of the auxiliary elec- 
tric propulsion technology program. 

The beam shield is a relatively new addition to the thruster and only limited 
thruster testing with this component has been completed. Verification tests of 
this component are in progress (ref. 1), and two long duration tests of the 8-cm 
EMT with a beam shield are presently planned. Tiie beam shield is considered 
a mission- specific element of the thruster subsystem. 

B. Propellant Tank, Valve, and P'eed Unit 

1. Description 

Figure 5 shows a functional diagram of the Propellant Tank, Valve, and Feed 
Unit (PTVFIO and figure 6 shows a cutaway of the propellant tank showing critical 
components. The propellant tank is the blow- down type with a butyl rubber diaphram 
separating the pressurant (Ng plus 20 percent krypton for leak checking) from 
the liquid mercury. The major characteristics of the propellant tank are given in 
table III. Other major elements of the PTVFU for the 1981 flight are: a temper- 
ature transducer mounted on the propellant tank, a pressure transducer plus the 
solenoid latching valve between the tank and the thruster. A flexible metal tubing 
section which allows for thruster gimbaling is located within the gimbal support 
structure. 

2. Summary Status 

The propellant tank has been developed to Engineering Model status and 
sufficient documentation is established to allow industry replication by part number. 
One EM level tank has been fabricated along with several pre-EM tanks (of identi- 
cal design). The propellant tank technology is identical to that developed for the 
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SEKT 11 Uiruster system \i1ilch was successfully qualified and has been verified in 
space (four tanks) for almost eight years (ref. 26). Two ground tests of 12 000 
and t4 000 hours duration were successfully completed with tanks of the EM 
design (ref. 10). In summary, the tank technology and design is firmly established 
and ready for flight application. 

Qualification of a projicllant valve design will be carried out In Uie S.AMbtvool 
flight project activity. A solenoid latching valve has been selected and has undei'- 
gonc preliminary testing. Long term testing of the valve will be tlone in groumi 
endurance testing of a complete EM subsystem. A spiral coil of propellant feed 
line, to provide gimbal flexibility has been designed into tlie gimbal support struc- 
ture and verified in functional tests. 

C. CUmbol 

1. IX'scrlptlon 

Figure 7 shows Uie 8-cm EMTb gimbal and its critical conqxjnents. The major 
characteristics of the gimbal system arc given in table IV. Gimbaling is provided 
in two ortlmgxmal directions (ilO^ in eacl\ axis) by a two- actuator drive design. 

The liesign ilocs not require mechanical lockdown devices to withstand launch 

♦ 

loads. Bearing surfaces are made of Vespel and, therefore, ai*e self lubricating. 
The gimbal rixiuires powder only when active gimbaling occurs. The gimbal angle, 
which is not directly sensed in the present design, is specified by initial Iwation 
documentation and knowledge of subsequent gimb.al command history. 

2. Summary Status 

'llu' gimbal tleslgn was produced by Uie Lewis Hescarch Center :mil is at the 
Engineering Motlel level. Fhe documentation is sufficient for replication by imlus- 
try. Three EM level gimbals have been fabricated. Two at the Lewis llesearch 
Center :md one at the vendor. The design was structurally verified by launcli 
vibration level tests with a thruster mass dummy and furtluM* char.acteri/ed by 
low level vibration teuts with a lab model thruster. Thermal vacuum testing 
of the gimbal has been limited to date to a short (-'200 hr) thruster subsystem 
test (wlU\ tlie vemlor supplied gimbal). This test confirmed the basic compatibility 
of the liesign with the vacuum :uul tliruster environments. Eimctional cyclic o|v- 
eratton of the in-house fabricated gimbals has been successfully demonstrated 
by tests at the Lewis Hescarch Center in ambient pressure. Tests with the ven- 
dor produced gimbal were generally successful with the exception of a binding 

N'cspel is a trade name for DuPont tx>lyamlde plastic. 
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difficulty experienced during a 10- cycle thruster subsystem test. The cause of 
the binding has been determined and mechanical tolerance specifications have 
been changed to address the problem. Present gimbal tests at temperature ex- 
tremes of 70° and -20° C indicate no problem (ref. 4). 

O. Beam Shield 

1. Description 

Figure 3 shows a beam shield mounted on the thruster. The beam shield is 
intended to protect spacecraft surfaces such as solar arrays from deposition of 
thruster efflux. The efflux of most concern is the molybdenum atoms, sputtered 
from the thruster accelerator grid. This shielding may be required when body- 
mounted thrusters are used for n-s stationkeeping. 

The beam shield is made of a graphite fiber- reinforced polyimlde composite. 
It is 0. 11-cm thick and has a mass less than 0.3 kg. It is formed from a 160° 
section of a 25-cm diameter cylinder, which allows the interception of thruster 
efflux that is more divergent than a 45° half angle at the asmuthal center of the 
shield. The beam shield cylindrical axis is colinear with the thrust axis of the 
thruster. The beam shield is electrically insulated from the thruster. 

2. Summary Status 

> 

The beam shield has been developed to the Engineering Model level and 
sufficient documentation is established to allow replication by part number. The 
mechanical strength was proven in successful vibration tests in which the shield 
was attached to a thruster mounted on a gimbal structure assembly. 

The functional capability was demonstrated: (1) by attaching a beam shield 
to an EM thruster and measuring thruster efflux patterns and beam shield erosion 
(ref. 1); and (2) by extensive measurements of the ion beam plasma with and 
without a beam shield (ref. 30). Major ground life tests of an 8-cm thruster 
subsystem, including a beam shield are planned. 

E. Powder Electronics Unit 

1. Description 

Figure 8 shows a functional diagram of the I’owder Electronics Unit (I’El^). 
Major characteristics of the PEU are given on table V. 

The major functions of the PEU are to process the power for nine separate 
tliruster power loads and to provide the Interface witli the primary spacecraft 
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power Bystem. The PEU is comprised of six modules, five of which provide 
processed pow'er to the thnister with the remaining module providing for input 
filtering, line regulator, and other executive level power processor functions. The 
PEU is designed to bo tolerant of and self protective from all anticipated output 
load conditions. 

2. Summary Status 

One Engineering Model of the PEU was fabricated and functional capabilities 
verified in vacuum during the thruster subsystem level test. One design deficiency 
was uncovered in this test and has been rectified. In addition, a thermal vacuum 
breadboard, using the same basic circuitry, was fabricated and has been operated 
extensively with a thruster at the Lewis Research Center. 

In summary, the PEU circuitry is well established and oporationally verified. 
Extended testing of both the breadboard and EM PEU is planned to provide addi- 
tional confidence in the design. 

E. Digital Interface Unit 
1. Description 

The DIU consists of individual circuit cards physically integrated into a box. 
Major characteristics are listed in table VI. The DIU presently is a separate 
cumixment of the tlirust subsystem, but later will be physically incorporated with 
a controller. The combined component will be called a Digital Contix)ller Interface 
Unit (DCIU). For purposes of this paper the DIU and Controller will be discussed 
separately. 

The DIU interfaces 16 bit serial commands and provides 8 bit data res^H>nse 
from Uie spacecraft to the PEU. It also provides for (1) automatic thruster recycle 
following a 11. V. overload; (2) main and neutralizer vatwrizer flow control loops; 
t.*t) a limit for Uie PEU input power of 200 w’atts; (-i) drive to the glmbal motors; 

(5) provides ronversion of input digital commands into analog control signals to 
the PEU; and (6) provides conversion of analog telemetry signals from the I’EU 
into 8-bit digital data output. 


2. Summary Status 

U>ne EM model of the DIU has been fabricated and tested. Engineering liraw- 
ings exist and are suitable for fabrication by the contractor. O^H'rational capabil- 
ity has been demonstrated. Static and dynamic load tests indicated ability to 
wlthstaiul all expected electrical transients. These tests Included a 10-cycle, 
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Uiormal- vacuum, test witli the EM l‘EU and first 8-cm EM thruster. Kor these 
tests, a consol enabled comnumd and lojdc signals to be fed Into the 1)11^ 

F. Controller 

1. Description 

A microprocessor and associated peripheral circuits of the HCA CDP 1802 
family have been selected as suitable for meetiiiB: the major 1 mlb thruster sub- 
system requirements. These circuit com^x)nents have been fully certified to 
MUi-M-38510C in the 2ml Quarter 1077 by the HAIK" (Home Air Development 
Center). Lewis personnel have verified witli HAIK' that these circuits are 
<iualified and available to satisfy tlu' llight schedule, la aildition, a fully licensed 
second source exists for these ilevices. 

No spiviul criteria exist other Uuui that normally applicil to the fabrication of 
CMOS technology’, aerospace hardware. 'I'he packaging concept should allow for 
sufficient modularity, such that memory can be easily replaced or added should 
different memory ty|x's be desired UtAM. PHOM, itt>M). A fUgjit package con- 
cept will include all controller boards in the Dll! box by sliglU extension of the 
length with no cluuige in width or height. 

2. Summary Status 

Basic fimctional algorithms using a proto EM 8-cm Uiruster have been de- 
termined and programeil l\)r a juic coprocessor which controls the thruster sub- 
system over its nominal startup, operate, :uul shutilown cycle. Development t.f 
fliglU software will rinpiire aiiilitional algorithm lievelopment to pri>viile lor 
nonnominal 0 |H'ration, comjxment aging, and mission peculiarities. 

EVOLPTK^N OF HIE l-mlb TIIUPSTEU SPBSYSrKM 

A summary block diagram depicting the evolution of the l-mlb tlmister sul>- 
system is shown in figuiv t). This figure also will serve as an outline for the 
following sections of the paper. I’hc ileveiopment history of each subsystem element 
of component is nnighly represented In a downward flow to the pri'scnt l-mlb 
ihvusler subsystem representeii within the ilasheii-line area at the bottom of the 
figure. The evolution of each element or conqxxicnt will be discusseil imlivitlually 
below. 
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8- CM EM THRUSTER 

In 19G1 to 1962 a research pi*ogram was carried out to determine scaling 
laws for Uic lljf- bombardment thruster (ref. 23). This program Included evalua- 
tion of 5-cm, 10-cm, and 20-cm diameter thrus-ers and led to establishment 
of basic thruster scaling laws. Included among these were the discoveries that 
for optimum performance of the discharge, magnetic field strengtli should be 
proportional to the reciprocal of the diameter and that the chamber length ri'- 
main approximately constant. Subsequent to this activity the electric thruster 
technology effort focussed on primary propulsion applications und spivifically 
on tlie SERT 1 development program. This development culminaied in a suc- 
cessful flight test in 1964 with a 10-cm thruster. This effort pointed out the 
need for shielding thehigti voltage surfaces of a thruster from the thruster- 
induced plasma. This shielding may be solid or perforated to permit gas to 
escape, SERT 1 tests showed that the perforations need not Ix' any smaller 
than ono-third the distance from the perforation to the thruster 3 kV surface. 
SERT II thruster shielding had no design problems. The 8-cm thruster uses 
solid shielding because outgassing is low and gas con escape througli the accel- 
erator grids without problem. 

hi 1964 to 1966 time frame technolog>' efforts continued to concentrate on 
primary electric propulsion and a 15-cm size thruster (6.3 mlb) was selected 
us (1) being typical of primary propulsion needs as then evisioned and (2) that 
to be flown on the proposed SERT II mission (ref. 24). As a possible backup 
to the bERT 11 program and to address emerging interest in au.\iliary pi*opul- 
sion applications, a si.x- month development program was conducteil in I9t»r>. 

This program used the 5-cm thnister of 1962 as a starting point, optimizeii 
its discharge chamber configuration, and added then present stati'-of-tlu'-arl 
cathode technolog>’. The cathodes used a metal brosh coated witli HaO. Wldle 
capable of 4000-hour life, Uiey rixiuired higli heating power and refurbishment 
after each exjiosure to air. In :in attempt to further increase catliode life, a 
magnetic catliode pole piece was added to raise Uie magnetic field strength 
near the catIuHie. The cathode |K)1 c piece did not improve the catluule life; 
but the new magnetic configuration rosulted in higlier discharge chamber jhm*- 
formance. The catliode pole piece concept has been retained in all thrusters 
designs that have subsixiuently erolved. 

The bERT 11 fliglit project was approved in 1966. beveral thruster technol- 
og>- improvements were develojvd aiuVor initially evaluated iluring the SKR I’ II 
proji'*^*!* Hollow catliodes were develojuni, which possesseni signific:uit ailvan- 
tagi‘s mer previous tlierniionic emitter designs, riiese included longer lifi'- 
tinies, lower heater rcx|uirements, and very ini|H)rt;uit, the ability to be used 
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aftor cx(H)8uro to atmoti^tlu'ro wiUumt rofurbitihiiu'iU. In aildittoii. the uho of 
baffli'8 lu'twoon tho main oatluuU' ami iho anoilo \va« riHiuiroil with h»>llo\v I'ailuuU'n. 
Thin oonoepl wan lH>rro\voii fivm oarllor II Ul- work with lUiuUl motal oathoilo 
tlmmtox’ toi'hnolo|;;\\ Thi' bafllo sorvod ti> control Ibo inx|H'daiu'o of tho main 
disohai'i^o juxd allowed optimi/alion of tiisoharm’ ohambor jH'rformanoo i'onsistont 
with lonj; lifotlmo. rho use of both hollow oatluulos ;uul bafllot« has boon rotainod 
in all subsl^^uon^ olootmi iHnnbarilmont tlmistors. In UH»i> with tho SKIM” II 
toohnolog>- dovolopmont pivj;>* 2 nn noaiiy oomplotoil, sorious attention was again 
dirootod to auxiliary propulsion. SKIM' II toohnolog>- was applioil to tho f>-oin 
tf.ruslor dosigji ami !Ui optimi/.ation pnxgram was oarrioilout trof. 23). This 
ptogram tllHIll to IHTH intixuluooil tho otnxoopts *»t a single projH'llant flow to the 
lurln ilisohargo ohambor through tho main oatiunlo. I'his oonoopt remains as tho 
present small- thruster flow philosophy. In atldition, tho im|iortant innovation 
oi ui onolosod oathodo koo|H'r was mkioil to tho r»-om thruster ilosign. I'ho on- 
olosiHl koo|H'r rosultoil in ixnvor offioiont main and noutrali/.or ihsohargos. also, 
the onolosoil kooiH'r onabUnI tho noutrali/.or to operate at low pix»pollant Hinv 
rates whioh resulted in higher thruster system offioionoy. 

.*\t this time tlt>Tl to IJ>7‘JI, a I’lmtrai't was awanloil ti> struoturally integrate 
Uio ;Vi'm thruster tref. li*>. The ooiu-ept t>f stnu'turally ami tiu'rmally integrated 
Cathodi'- Isolator- Va|x»ri/.er ii‘l\) ami Neutrali/ei'-lsolator- VatH>ri/.er iM\ ) as- 
semblies was ilevelo|H'il. 'Ilii' i':’tlu»tle use*l a SKK 1' ll lu'lU'w <’athi»ili'- typi' ilosign 
with a tantalum- rolled f dl Hai^eoated insi'rt and a nanu'- sprayed heater iref. L’lb. 
The isolator used a design that was originallx ioneei\ed by Hughes Uesi'an h 
l.alHM-atories for the MKU I' 11 pivgram. and adinjuately met tlie isolator voltage 
reiiuirement |1. I k\") of the r>-en\ slriu turally integrated thrusti*r iSM'-ai viet. Ud. 
The va|H>ri/er used the SKH 1’ ll vaj’ori.’or di'sigii ol a [H'rous tungsten plug. Tlu* 
|Hui>us plug eonti-ols the mereury liijuiii interfaee and when lieated passes a eon- 
trolli'd flow of va|HM*t.'i'il pix'p.ellant. I he I'lV and M\‘ ti'ehnologx stemnu'd fiom 
SKU r !1 ami has remained without lU'od for major ehangi' o\i*r tlu> past six years, 
rhe meehanieal design id the i'l\‘. Nl\‘, and thruster bod\ was xerilied tlnxnigli 
the sueeessful eimipletion of vibration testing and thermal operation. 

.\ fv-em thrustiM* of tlu* Jd I'-a design was liti* li’sted for hours \Mth tlu* 
test ending in l‘.t7'J iref. th. This test indieated tliat thi* IV,- tiombardment I ll- mib 
thnister did have the iifetiine eapabilit> nxpiired tor fv- to li^Noar n- s station- 
ki'oping missions S*vi*ral thruster design ehanges were made as a result el 
tliis test to further inereasi* the thruster lifetime ill I'laki* eontrol pi*oeedures 
were instituled. i e. . mesh surlaees to retain tlaUes .lud graphite b.itlli* to re 
duee en>sion iref. t-i. yJi The eleel rostatie \eetor ae» elerator grid eoneept was 
divpped beeausi* no eas.\ way was seen to inerease Ihe lU'sign lifi*. iltl Ihe 
neutrali.'er How was inereased in order to reduee neulrali.'er I’.ithode lip erosion 
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(ref. 10); and (4) Both cathode Insert designs were changed to an impregnated 
|X)rou8 tungsten type because of commercial avnilift)llity and less functional dis- 
persion bet>%’een cathodes (ref. 27). /\lso by this time (1972) the probable mass 
of future synchronous satellites had increased, and to obtain a higher tlirust with- 
out sacrificing lifetime, the tliruster diameter was increased from 5 to 8 cm 
(ref. 10). 

In 1973, a contracted effort began to develop a structurally integrated 8-cm 
thruster (SIT-8). The CIV and NIV remained unchanged from the SIT-5 design. 

The discharge chamber and grid diameters w'ere increased to 8-cm. I’reviously 
developed scaling laws led to a lower magnetic field strength (ref. 23S A 
parallel in-house program evaluated solutions to flake control (ref. 12) and 
neutralizer tip erosion problems (ref. 11). A 1000-hour thruster (LAB-8) test 
was begun to verify the use of mesh surfaces, a graphite baffle, and a conven- 
tional dished grid optics design. A delamination problem of the pyrolytic graphite 
baffle at 1100 hours was cured by use of isotropic graphite and the remainder of 
the 15 000-hour test of the LAB-8 thruster was completed (ref. 6). 

The results of the 15 000- hour test led to the following design changes'; 

(1) substitution of tantalum for graphite in the baffle and tantalum cladding of 
certain chamber surfaces because tantalum exhibited a lower erosion rate th:ui 
grafiiiite; (2) the use of grit blasting of mesh surfaces to aid in flake retention; 

(3) replacement of the cathode insert design back to the bERT II typt* because the 
impregnated iwrous tungsten type required, with time, additional (and perhaps 
e.xcessive) heating power; (4) reduction of accelerator grid voltage and use of 
Small Hole Accelerator Grid (SiAG) design to increase accelerator grid lifetime 
(ref. 13). The use of small holes in the accelerator grid adds four benefits to 
Uu' thruster: (1) more metal remains in the grid for erosion by sputter ions; 

(2) the accelerator grid may be run at lower voltages which reduces sputter rate; 

(3) less neutrals escape through the smaller holes, producing less charge excli:uigc 
sputter ions; :uid ( I) the thruster efficiency is increased by the lower loss of 
neutrals (ref. 14). 

All these design changes were incorporated into the SIT-8 design anil a thrustc* 
was fabricated to tlie new’ design. This design, completed in 1975, remains w lUi 
minor modification as the present EM design. Tliis SIT-8 thruster was placed 
into tlu'rmal- vacuum .and launcli-lcvel vibration tests, which led to minor structural 
modification (ref. 18).. In opi'ration, however, the thruster coiurol was mar- 
ginal :uui other minor design changes (baffle support, etc.) were made to correct 
the iMscharge loop control stability. The incorporation of these latter ch:mgcs 
resulted in the prototype 8-cm thruster. 

The 15 000-hour test proved the steady-state durability of the tlirustcr and 
its catliodes, but only limited information as to the integrity of the thruster after 
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circuitry design. Only after component technology advances wore demonstrated 
and space qualified were they incorporated into thruster power processor designs. 
The bus voltage, 70±20 V, was selected to be representative of future spacecraft 
that may use this level of bus voltage. 

The TVBB PEU has successfully passed individual module performance tests,- 
as well as thermal vacuum tests (over limited temperature range) of the completed 
PEU assembly. The EM PEU has been functionally tested in the first complete 
subsystem for short periods of time (ref. 4). The mechanical design of the EM 
PEU is suitable for a flight qualification program to the vibration levels of a 
Thor-Agena launch, but no vibration testing yet has been done. The thermal 
design is suitable for pallet mounting at the end of a solar array wing with 1. 0 
sun input from one direction and radiation cooling from nonsun directed surfaces. 
The EM PEU may also be located within a spacecraft body and conduct its waste 
heal to a base plate mounting surface. 


DIU - CONTROLLER 

The Digital Interface Unit was designed using state-of-the-art circuit and 
component technology. The input to the DIU is in 16-bit digital- word format for 
compatibility with an onboard spacecraft computer. A conceptual controller de- 
sign exisits to satisfy the requirements of the 1-mlb thrust subsystem. The con- 
troller hardware development should be one of the straightforward design and 
fabrication using conventional techniques, it will require developing a algorithm 
for the thrust subsystem operation and verifying its correctness. 

A functional lab model controller has been developed and autonomous control 
has been demonstrated using the TVBB EMT ^ref. 20). These tests demonstrated 
that functional algoritlims can be developed for a microprocessor w'hich controls 
the thrust subsystem over its nominal startup, operate, and shutdown cycle. 


PROPELLANT TANK 

The propellant tank technology flows, unchanged, from that of the 1970 SERT II 
thruster system, i.e. , a stainless steel blowdown tank with a butyl rubber diaphragm 
separating the gaseous nitrogen from the liquid mercury (ref. 24). (Twenty per- 
cent by volume of Krypton gas is added to the ^2 to serve as a tracer gas to check 
for system leaks.) 

The SERT II flight Hg-feed systems (four individual feed tanks) have shown no 
difficulty after 8 years in space, including 30 000 spacecraft thermal cycles 
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up to 3500 hours of Hg propellant feed and over 200 thruster start cycles (ref. 28). 
The same design propellant tanks successfully supplied llg in two thruster system 
ground tests of 8000 and 5000 hours (ref. 24). 

Testing of tanks designed for the SIT-5 or SIT-8 programs include expulsion 
tests of 14 000 and 12 000 hours and without problem. (No propellant tank was 
used for either the 9715-hour LAB-5 or the 15 000-hour LAB-8 thruster tests.) 
Two possible problem areas are mercury corrosion of the tank materials and N., 
leakage through "cy* ring seals. Neither of these effects have been observed nor 
arc expected to be a future problem. An EM- design tank was used to perform a 
10-cycle T/V test of the first 8-cm EMTS with no propellant flow problem. 

GIMBALS 

The gimbal system is functionally similar to the SERT 11, i.e., providing 
tl0° vector capability in two orthogonal directions. The actual mechanical de- 
sign has been sized and designed to the mass of the 8-cm EMT. Gimbals have 
been used in launch level vibration tests of the EM design thruster with no problem 
and cyclic gimbal tcstiiig is planned in the future. The gimbals have been designed 
and fabricated using standard mechanical design criteria used for the SERT II 
gimbals. No known problem areas exist in the gimbal design. 


CONCLUDING REMARKS 

The 8-cm diameter, 1-mlb, mercury ion thruster is ready for flight applica- 
tion. An Engineering Model Thruster Subsystem has been designed and fabricated. 
Two Flight Thruster Subsystems will be tested in space in 1981. 'ITiis paper 
describes the hardware and functional capability of the thruster subsystem, as 
well as summarizes the tests imd design evolutions that led from 1962 research 
tests, through development tests of the early to mid 1970*s, to the present 
(Jan. 1978) 1 mlb thruster subsystem EM design. 
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APPENDIX - DEFINITIONS 

Mercury Ion Auxi 'ary Propulsion l^stem - contains two or more, 1-mlb Ion thruster 
subsystems. 

1-mlb thruster subsystem - an 8-cm diameter Ion thruster and supporting components. 

Component - one of the parts of a 1-mlb thruster subsystem listed In table I. 

Element - one of the major parts nf a component or uni: 

Engineering Model (EM) - hardware or design that Is flight quallfiable without need 
for major change. 

Engineering Model Thruster (EMT) - a thruster made to EM design 

Lab Model Thruster - Functionally equivalent to the EMT, but not structurally made 
to EM specifications 

P 80-1 - ' ' S. Air Force designation for shuttle-launched spacecraft that will space 
test a M«;rcury Ion Auxiliary Propulsion ^stem’ln 1981. 

SAM8O-601 - U. b. Air Force designation for the Mercury Ion Auxiliary Propulsion 
System aboard P 80-1 
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TABLE I. - 1-mlb THRUSTER SUBSYSTEM COMPONENT U8T 


Component 

Quantity 

General function 

6-cm diameter thniater 

1 

Convert input electrical power and 
propellant Into directed thrust. 
Beam diameter is B-cm. 

Beam shield (element) 

1 

Shield spacecraft surfaces from 
atom and ion efflux of thruster 
beam. If used, design is 
specific for mission. 

Gimbals (element) 

2 

Provide for two axis orthongonal 
thrust vectoring. 

Propellant Tank, Valve, and 
Feed Unit (PTVFU) 

1 

Store and distribute necessary pro- 
pellant to the thruster. Capacity 
may be varied to mission require- 
ments. 

Power Electronics Unit (PEU) 

1 

Process raw power for the thruster. 

Digital Interface Unit (UU) 

1 

Provide command and telemetry 
interface between the spacecraft and 
PEU. Provide for all but spacecraft 
executive level control of the subsystem. 


TABLE II. - «-ini TIIHL'STEH 


Thrust level 

4.9 mN (1.1 mlb) 

In|jut |X)Wer to I’EU (120 W to thruster) 

ICO W 

I’ropellant flow rate 

0.7x10"^ kg/hr 

Specific impulse 

2670 sec 

Mass of thnistcr 

2.2 kg 

Thruster envelope, without beam shield 

22 V 18 cm diam 

Thruster cnvelopt', with beam shield 

12 X 25 cm diam 

Uperatiunal lifetime goal 

20 000 hr 

Cycle goal 

10 000 cycles 


TABLE 111. - EM I’RurELLANT TAN \ 


Dry mass 

1.2 kg 

Propellant mass (12 500 hr) 

8.75 kg 

Ullage fraction® 

2 to 5 ix’rcent 

Material 

htulnless steel 

Blowdown ratio (empty/ full) 

2:1 

Pressurant (2.1 atm) 
Envelope sire 

80 percent N.,. 20 |K‘rcent K . 

16 X 18 cm dlam^ 


^Ullum’ niay In* varied by off-loatlinn of (irnpelliint. 
U. of rnuuntliiK fl unite. 














TABLE IV. - CJIMBAL AND THRUSTER SUPTORT 


Maav 

1.5 kg 

I*ower requimncnU: 


When glmboling (per gimbal) 

7 W 

When not glmballng 

0 W 

Input TOltage 

2-4 V 

Input current 

0.25 A 

Gimbal capability 

*10° 

Gimbal rate 

2 min, full travel 

Design cycle goal 

10 000 full travel 

Position identification 

Limit switch at end of travel 


* pulse counting 

Envelope size 

IS X H X H cm 




TABLE V. - lOWER ELECTRONICS UNIT 


Mass, total (nominal) 

7.0 kg 

Efficiency 

75 percent 

Input primary power, 


Nominal 

160 W 

Maximum 

200 W 

Magnitude 

70 V 

Voltage range 

50 to 90 V 

Control input (analog and digital) 

28*6 V 

Component 


Mass 

3 kg 

Number 

888 

Reliability (7 years) 

0.958 

Envelope 

11 X 22 X 43 cm 


TABLE VI. - DIGITAL INTERFACE UNIT 


Mass 

3.2 kg 

Efficiency 

92 percent 

input power (at 28 V) 


DIU circuits 

3 W 

Housekeeping inverters 

4 W 

Gimbals (when actuated, one/ two) 

7/14 W 

Component number 

939 

Reliability (7 years) 

0.883 

Envelope 

11 X 22 X 25 cm 
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